A B STR A CT The enhanced capacity for long-chain fatty acid oxidation and ketogenesis that develops in the rat liver between 6 and 9 h after the onset of starvation was shown to be inducible much more rapidly by administration of anti-insulin serum or glucagon to fed rats. After only 1 h of treatment with either agent, the liver had clearly switched from a "nonketogenic" to a "ketogenic" profile, as determined by rates of acetoacetate and 1-hydroxybutyrate production on perfusion with oleic acid. As was the case after starvation, the administration of insulin antibodies or glucagon resulted in depletion of hepatic glycogen stores and a proportional increase in the ability of the liver to oxidize long-chain fatty acids and (-)-octanoylcarnitine, suggesting that all three treatment schedules activated the carnitine acyltransferase system of enzymes. In contrast to anti-insulin serum, which produced marked elevations in plasma glucose, free fatty acid, and ketone body concentrations, glucagon treatment had little effect on any of these parameters, presumably due to enhanced insulin secretion after the initial stimulation of glycogenolysis. Thus, after treatment with glucagon alone, it was possible to obtain a "ketogenic" liver from a nonketotic animal. The results are consistent with the possibility that the activity of carnitine acyltransferase, and thus ketogenic capacity, is subject to bihormonal control through the relative blood concentrations of insulin and glucagon, as also appears to be the case with hepatic carbohydrate metabolism.
INTRODUCTION
A prerequisite for the acceleration of ketone body production by the liver during fasting or in the diabetic state is an increased capacity for the oxidation of longchain fatty acids (1) . In the rat the activation of fatty acid oxidation and the enhanced ability to produce acetoacetic and 1-hydroxybutyric acids does not appear until at least 6 h after the onset of starvation, but then develops rapidly between 6 and 9 h (2) . Evidence has been obtained to suggest that the activation site resides at the carnitine acyltransferase' reaction, which catalyzes the transfer of long-chain fatty acids across the mitochondrial membrane (5) . The nature of the "onoff" signal for this reaction, however, is completely unknown. Since it has long been suspected that the regulation of fatty acid oxidation in the liver is intimately related to some facet of carbohydrate metabolism (6) (7) (8) , it seemed possible that alterations in the latter might be involved in the control of carnitine acyltransferase and thereby dictate ketogenic potential. Moreover, since hepatic carbohydrate metabolism, which plays a central role in glucose homeostasis, appears to be under bihormonal control by insulin and glucagon (9) (10) (11) (12) (13) , the further possibility exists that fluctuation in the relative blood concentrations of these two hormones also represents the key determinant of hepatic ketogenic capacity.
In an attempt to dissect these interrelationships, we have treated nonketotic fed rats with anti-insulin serum and with glucagon. Insulin antibodies caused immediate 'Unless otherwise specified the term "carnitine acyltransferase" will be used to denote the coupled enzyme system comprising carnitine acyltransferases I and II (3, 4) . hyperglycemia, increased plasma free fatty acid concentrations, and ketosis, whereas glucagon, even in very high doses, had little effect on any of these parameters. However, after only 1 h of either treatment, livers from both groups of animals had been switched from a "nonketogenic" to a "ketogenic" metabolic state. 2 Thus, for the first time, a liver with a demonstrably high ketogenic capacity has been obtained from a nonketotic animal. The mechanism of the enhanced capacity for ketone body production in both cases appears to be an activation of the carnitine acyltransferase step.
METHODS
Aiiinals. Male Sprague-Dawley rats weighing approximately 100 g were used in all experiments. Animals were fed a diet containing 58.5% sucrose, 21% casein, and less than 1%go fat, together with all necessary vitamins and minerals (General Biochemicals, Chagrin Falls, Ohio). They were used for experiments between 7 :00 and 8 :00 a.m. Fasted rats were deprived of food for 24 h before use.
Treatmtenit of animiials. Animals were lightly anesthetized with ether for the placement of catheters in the femoral artery on one side and the inferior vena cava through the femoral vein on the other (14) . They were then placed in individual restraining cages and allowed to awaken from the anesthesia before experiments were begun. After the infusion of 100 U of heparin intravenously and the collection of a zero-time blood sample (0.2 ml) into iced heparinized tubes, an infusion of guinea pig serum containing insulin antibodies, glucagon, or neither agent was given through the venous catheter, and further arterial blood samples were taken for analysis throughout the experimental period. After collection of each sample, 0.9% sodium chloride, equivalent to the volume of blood removed, was infused into the animal. At the indicated times the rats were given an intraperitoneal inj ection of pentobarbital after which livers were either used for perfusion to determine their ketogenic capacity or were rapidly frozen in liquid N2 and analyzed for their glycogen content. In certain instances a sample of blood was taken from the abdominal aorta for analysis of plasma free fatty acid, insulin, and glucagon concentrations.
Liver perfuision studies. Livers were perfused with recirculating medium using the apparatus and techniques described previously (15, 16) . The perfusion medium consisted of aged human erythrocytes suspended to an hematocrit of 20% in Krebs bicarbonate buffer, pH 7.4, containing 5%o bovine albumin (fraction V, Armour Pharmaceutical Company, Chicago, Ill.). The red cells were dialyzed for 24 h against 0.9%c sodium chloride at 4VC before use to remove lactate (2) . When used, sufficient oleic acid was bound to the albumin to provide an initial fatty acid concentration of approximately 0.7 mM in the cell-free fluid (2, 16) . In studies with (-)-octanoylcarnitine, oleic acid was omitted from the medium, and the (-)-carnitine ester was added to the system after 15 min of perfusion (5). 2 The terms "ketogenic" and "nonketogenic" are used here in a relative sense. Although livers from normal animals can synthesize ketone bodies, this capacity is very low even in the face of high fatty acid loads when compared with rates obtained in livers from ketotic animals. For a detailed discussion of this phenomenon, see references 1 and 2.
AnalYtical proceduircs. All samples of blood and perfusion media were centrifuged, and analyses were carried out on plasma or the erythrocyte-free supernatant fluid as described in previous reports (2, (15) (16) (17) Meng and Edgren (21) . RESULTS Effccts of anti-insulin serum and gincagon adnninistration in fed rats. Consistent with earlier findings (22) (23) (24) , treatment of fed rats with anti-insulin serum resulted in acute and profound hyperglycemia (Fig.   1A ). Simultaneously, there was a prompt elevation in plasma ketone body concentration (Fig. 1 B) which after 2 h had reached a level close to that seen in rats fasted for 24 h (2). In contrast, glucagon, used here in high dosage to study maximal responses, caused only a small and transient rise in plasma glucose concentration and was essentially without effect on plasma ketone levels (Fig. 1) . As expected, neither parameter was affected by control serum. Table I shows the effects of the various treatments on plasma free fatty acid concentrations and liver glycogen content in fed rats. Although the latter was reduced rapidly by both insulin antibodies and glucagon, the characteristic elevation in plasma free fatty acid levels caused bw anti-insulin treatment (23-26) did not occur after glucagon infusion. The mild elevation of plasma free fatty acids and the partial depletion of liver glycogen that occurred in animals receiving the control serum were likely due to the trauma associated with the initial surgery and the restraint imposed upon the animals during the experimental period.
Effects of anti-insulin serumn and glucagon treatment in vivo onl liepatic ketogetnesis fromt oleatc. To assess the effects of the various in vivo manipulations on hepatic ketogenic capacity, livers were subsequently perfused with oleic acid and rates of ketone production 3Under the perfusion conditions used here, the major products of fatty acid oxidation are acetoacetic and (3-hydroxybutyric acids (15, 16) . Thus, throughout the text, rates of ketone production will be taken as a reflection of the activity of the ,8-oxidation process and will be referred to as the "ketogenic capacity" of the liver.
were measured. As seen in Fig. 2 , after only 1 h of infusion of the donor animals with anti-insulin serum, the ketogenic capacity of the liver had increased 2.5-fold, and after 3 h of such treatment, ketone production had attained 75% of the rate given by livers from 24-h fasted rats. Of particular interest was the finding that glucagon infusion for either 1 or 3 h induced essentially the same degree of enhancement in ketogenesis as did anti-insulin serum. As expected on the basis of earlier starvation-refeeding experiments (2), the administration of control serum for a period of 3 h had no stimulatory effect on ketone production. Also, in experiments not shown, livers from untreated rats were perfused with oleate plus anti-insulin serum or glucagon added directly to the perfusion fluid in amounts identical with those used in vivo; in neither case was there a significant stimulation of ketogenesis over the 1-h perfusion ui 600k A.
Effects of anti-insulin serum and glucagon on plasma glucose and ketone levels in fed rats. Animals were fitted with arterial and venous catheters and placed in restraining cages as described under Methods. After the injection of 100 U of heparin and collection of a zero-time arterial blood sample (0.2 ml), an infusion of guinea pig serum containing 1.6-2.1 U of insulin antibody per ml (0, 1 h, 0, 3 h), 100 ,ug of glucagon per ml (D, 1 (3) 9.6+2.0 (4) Glucagon, 1 h 0.21 (2) 15.2+2.9 (5) Glucagon, 3 h 0.37+0.04 (4) 3.8+0.8 (4) Fed rats were treated as described in the legend to Fig. 1 and, at the indicated times, were anesthetized with pentobarbital. Blood was collected from the abdominal aorta for the analysis of plasma free fatty acids and livers were taken for determination of their glycogen content. Values represent means +SEM for the number of animals shown in parentheses.
* AIS, anti-insulin serum.
period. The characteristic glycogenolytic effect of glucagon, however, was clearly operative as evidenced by its enhancement of net glucose production from a control value of 259±51 to 727±44 jmol per 100 g body wt.
The finding that anti-insulin serum and glucagon, when given in vivo, both induced the same increase in hepatic ketogenic capacity (Fig. 2) suggested that their strikingly different effects on plasma ketone levels (Fig.  1B) were due to differences in the effects of the two agents on the rate of delivery of free fatty acids to the liver (24) ( Table I ). This prediction was fulfilled when it was shown that acute elevation of plasma free fatty acid concentration by infusion of Intralipid plus heparin into glucagon-treated rats resulted in a brisk rise in plasma ketone levels (Fig. 3) . Only minor elevations in this parameter were noted in animals receiving control serum, despite the fact that at the 3-h time point, plasma free fatty acids had reached levels of 2-3 mM% in both groups.
Effects of anti-isulin serum and glucagon treatment in vivo on hepatic ketogenesis from (-)-octanoylcarnitine. As discussed previously (5), direct assay of carnitine acyltransferase failed to reveal significant difference in enzyme activity in liver mitochondria prepared from normal and ketotic rats. A detailed study in which the same conclusion was reached has been reported by DiMarco and Hoppel (27) . Nevertheless, a considerable body of evidence has accumulated implicating this first step in fatty acid oxidation as a major site for control of ketogenesis in the intact liver (1, 2) , thus raising the possibility that within its natural environment the carnitine acyltransferase system of enzymes might be under a form of control that is lost upon disruption of cellular integrity. To test this postulate we have employed (-) -octanoylcarnitine as the substrate for ketone body production in perfused livers from normal and ketotic rats (5) . The rationale for its use is depicted schematically in Fig. 4 . Oleic acid, a representative of physiological fatty acids, requires esterification to carnitine and reconversion to the CoA derivative before entering the oxidation sequence (Fig. 4A) . It is oxidized at low rates in livers from fed rats but at high rates in livers from ketotic animals (2, 5, 16). On the other hand, free octanoic acid traverses the mitochondrial membrane without requiring a carnitine transport mechanism (Fig. 4B) and is oxidized to acetylCoA at the same rate in livers from fed, fasted, and diabetic animals (5, 15) .' However, when the mediumchain fatty acid is esterified to carnitine (Fig. 4C) , carnitine acyltransferase II is required for its oxidation. Rates of oxidation of (-)-octanoylcarnitine can, therefore, be utilized to assess the activity of carnitine acyltransferase II in the perfused liver. As previously shown, the enhancement in hepatic long-chain fatty acid oxidation characteristic of fasted rats is accompanied by 'Whereas rates of oxidation of octanoate are similar in all three conditions, rates of ketone body synthesis from this substrate differ in livers from normal and ketotic animals. As discussed elsewhere, this is due to altered disposal of acetyl-CoA through the tricarboxylic acid cycle and the pathways of lipogenesis and ketogenesis (5, 15). a proportional increase in the oxidation of (-) -octanoylcarnitine (5) . This suggests that the carnitine acyltransferase reaction constitutes the rate-limiting step in fatty acid oxidation and that it is the primary site for activation of this process in livers from ketotic animals. To test whether a similar relationship would hold after short-term treatment with anti-insulin serum or glucagon, livers were perfused for 15 min in the absence of oleate, after which (-)-[1-'C]octanoylcarnitine was added to the medium and the quantity and specific activity of the total ketones formed were measured. As seen from the data of Table II , after 3 h of anti-insulin or glucagon treatment, the ability of the liver to convert the labeled (-)-carnitine ester into acetoacetate and t8-hydroxybutyrate had increased almost fivefold. Moreover, the rate attained equaled 70% of that seen in livers from 24-h fasted rats; this degree of stimulation was similar to that observed when oleic acid served as the ketogenic substrate (Fig. 2) . The parallelism between the enhancement of oxidation of long-chain fatty acids and of (-)-octanoylcarnitine caused by the three treatment schedules is further illustrated by comparison of the quantities of labeled and unlabeled C2 units converted into acetoacetate and 1-hydroxybutyrate. Clearly, there was a direct proportionality between the rates of oxidation of the (-)-carnitine ester and of endogenously derived fatty acids, as reflected by the constancy of the ketone body specific activity (Table II) .
Relationship between glycogen content of the liver and its ketogenic capacity. In previous time-sequence studies of the effects of the starvation and refeeding on a va- To this end another group of fed rats was treated in a manner identical with that described in the legend to Fig. 1 except that the amount of glucagon administered was reduced by a factor of 200. As shown in Table III, such treatment resulted in a mean plasma glucagon concentration of 231 pg per ml at the 3-h time point, a value approximately twice that found in untreated rats in our previous studies (17) . The observed plasma insulin concentration, 34 /U per ml, represents a 23% decrease from that found earlier in untreated animals (17) . Although no significant changes in plasma glucose or ketone body levels were seen during the course of the infusion (data not shown), it should be noted that after 3 h the ketogenic capacity of the liver had clearly been enhanced, this time by a factor of almost 3 (Table III) . Once again, the oxidation of longchain fatty acids and of (-) -octanoylcarnitine had been stimulated to the same extent, consistent with the observations of Table II. In addition, determination of liver glycogen levels on three animals treated in this manner yielded a mean value of 19.6±1.6 mg per g wet wt. Thus, the degree of enhancement of fatty acid oxidation and reduction of the glycogen content of the liver were of the same magnitude in animals receiving the small dose of glucagon for 3 h as in those treated with the larger dose of the hormone or with insulin antibodies for a 1-h period ( Fig. 1 ; Tables I and III) . DISCUSSION Four points emerging from these studies warrant emphasis. First, it is evident that the enhancement in hepatic long-chain fatty acid oxidation and ketogenesis that occurs in the rat after about 6 h of starvation (2) (Fig. 2) . Second, since anti-insulin serum produced a ketotic state in vivo (Fig. 1) it was not surprising to find that livers taken from such animals exhibited a ketogenic set (Fig. 2, Table II ). An unexpected observation, however, was that a ketogenic liver could be obtained from a nonketotic animal, i.e., from those animals treated with glucagon ( Figs. 1 and 2 ; Tables II and III) . The absence of ketonemia in the latter group almost certainly resulted from a stimulation of insulin secretion Tables I and II , except those for plasma insulin and glucagon which were taken from reference 16. due to the initial activation of glycogenolvsis and consequent rise in blood glucose concentrations caused by glucagon administration (24, 28, 29) . The elevation of plasma insulin would inhibit lipolysis and thereby diminish free fatty acid turnover such that the liver is deprived of substrate for ketone body synthesis (Table I) . Consistent with this formulation is the fact that acute elevation of plasma free fatty acids by infusion of Intralipid plus heparin resulted in a sharp rise in plasma ketone levels in glucagon-treated animals (Fig. 3) . This effect of Intralipid was considerably less pronounced in animals treated with control serum, in keeping with the finding that under these circumstances the ketogenic potential of the liver was low (Fig. 2) . These observations serve to emphasize the fact that two obligatory requirements for the development of the ketotic state are an accelerated mobilization of free fatty acids from fat depots to the liver and an alteration in the metabolic set of this tissue such that a greater fraction of the fatty acids taken up enter the pathway of A-oxidation rather than that leading to the formation of triglycerides and phospholipids, the major disposal route in the nonketotic state (2, 16, 30, 31) . The data also indicate that this alteration in hepatic fatty acid metabolism does not necessarily require an insulindeficient state in vivo for its induction. This follows from the observation that insulin concentrations after 3 h of infusion with small quantities of glucagon were only minimally depressed. On the basis of studies from other laboratories (28, 29) , it is likely that insulin concentrations were actually elevated at earlier time points. The fact that the modest increase in the blood glucagon to insulin ratio produced under these conditions elicited the switch of liver metabolism from a nonketogenic to a ketogenic profile (Table III) is interesting in light of the proposed bihormonal role of glucagon and insulin in glucose homeostasis (9) (10) (11) (12) (13) 32) . It thus seems probable that hepatic fatty acid metabolism and ketogenesis are under the same bihormonal control. Third, the observation that the stimulation of hepatic long-chain fatty acid oxidation, whether induced acutely by anti-insulin serum or glucagon, or over the longer term by starvation, resulted in a proportional acceleration in the oxidation of (-)-octanoylcarnitine, suggests that a common denominator to all three situations was an activation of carnitine acyltransferase II, which catalyzes the conversion of acylcarnitine into acyl-CoA (3, 4) .5 Whether this was accompanied by a simultaneous activation of carnitine acyltransferase I, which is 'As pointed out previously (5), it is possible that separate enzymes are involved in the transfer of long-and medium-chain (-)-carnitine esters across the mitochondrial membrane (33, 34) . Should this be the case it would appear that both activities are subject to coordinate control. responsible for the prior conversion of acyl-CoA into acylcarnitine (3, 4) is not yet clear.
Finally, although the present experiments give no indication as to the mechanism whereby this enzyme system might be regulated, it would appear that some component of hepatic carbohydrate metabolism plays an important role. This suspicion is based on the fact that irrespective of the method used to alter its rate, fatty acid oxidation invariably correlated in a reciprocal manner with changes in the glycogen content of the liver. A similar relationship is seen in the newborn rat; during the suckling period hepatic ketone production is elevated while the tissue glycogen level is low, whereas the converse situation obtains shortly after weaning (35, 36) . These observations regarding the interrelationship between glycogen content and ketogenesis are reminiscent of much older studies in the literature (37, 38) and raise the intriguing possibility that glycogen might play a direct role in the regulation of carnitine acyltransferase activity. On the other hand, the inverse correlation between the two parameters did not manifest itself during the course of perfusion of livers from fed animals with glucagon added directly to the medium. Over a 1-h period, the hormone caused a fall in glycogen content of approximately 25 mg per g wet wt of tissue (data not shown) without a concomitant stimulation of ketogenesis. Similar observations were reported by Exton, Corbin, and Park (39) and by Raskin, McGarry, and Foster (40) . Consideration must, therefore, be given to the possibility that in vivo anti-insulin serum and glucagon elicit the formation of a factor(s) that is involved in the activation of hepatic fatty acid oxidation but that is missing from the medium used in liver perfusion studies. Should this be the case, fluctuations in liver glycogen content as they occur in vivo might simply reflect changes in the level of another metabolite, perhaps related to glycogen, that serves to inhibit fatty acid flux through the carnitine acyltransferase step.
